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DNA and RNA oligonucleotides are ideally suited for high-resolution X-ray crystallographic and ‘H-NMR 
studies. The solution structures of such oligonucleotides can potentially be solved using proton-proton nu- 
clear Overhauser enhancement measurements to demonstrate the proximity of protons in space and to de- 
termine their separation, thereby enabling a comparison of the structure in the crystalline and solution states 
to be made. In this review we describe (i) the general strategy for the sequential resonance assignments of 
oligonucleotide ‘H-NMR spectra, the essential prerequisite for further structural work, (ii) the approach 
to obtaining interproton distances from pre-steady state nuclear Overhauser enhancement measurements, 
and (iii) the use of interproton distances in structure determination. This is illustrated by several examples 

including double- and single-stranded DNA oligonucleotides as well as RNA stem and loop structures. 

Oligonucleotide NMR NOE 

1. INTRODUCTION 

It is only recently with the advent of fast and ef- 
ficient methods of large-scale chemical synthesis of 
DNA and RNA fragments [l] that the crystal 
structures of a number of short oligonucleotides 
comprising examples of the A, B and 2 families of 
DNA have been solved (see [2,3] for reviews). 
These studies have revealed the detailed arrange- 
ment of individual base pairs in the DNA helix at 
a resolution heretofore unavailable since fibre dif- 
fraction studies can only yield the averaged struc- 
ture of a nucleic acid polymer [4]. However, 
although X-ray diffraction undoubtedly provides 
extensive structural detail, the crystal and fibre 
structures of oligonucleotide crystals and polynu- 
cleotide fibres are subject to crystal packing forces 
and local high ionic conditions [5]. These forces 
may well distort the structures and account for 
much of the local structure variations observed. It 
is therefore of considerable interest to develop 
methods for the determination of the three-di- 
mensional solution structures of oligonucleotides 

Interproton distance Solution structure 

under physiological conditions where intermolecu- 
lar forces are considerably weaker. Fortunately, 
short oligonucleotides are ideally suited for high 
resolution ‘H-NMR studies. Consequently, their 
solution structures can potentially be solved, there- 
by enabling a comparison of the structures in the 
crystalline and solution states to be carried out. In 
this review, we will summarize the present state of 
the art with regard to achieving these aims. It 
should also be noted that ‘H-NMR can yield con- 
siderable information on the dynamic properties of 
such oligonucleotides in solution, for example im- 
ino proton exchange rates. This area has been ex- 
tensively reviewed recently by several groups [6-81 
and will not be discussed here. 

Essentially there are four NMR approaches 
which can be used to obtain structural information 
on an oligonucleotide in solution: 

(i) The analysis of chemical shifts by calcula- 
tions of through-space magnetic effects (ring cur- 
rent shift calculations). Although employed in a 
number of studies, the results are only qualitative 
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in nature and are based on available crystal struc- 
ture data as input parameters [9,10]. 

(ii) The use of paramagnetic relaxation effects is 
well known, but its application is fraught with dif- 
ficulties since it is based on a considerable number 
of assumptions, particularly when an external 
paramagnetic probe is used [l 11. 

(iii) The analysis of three bond spin-spin coupl- 
ing constants has been widely used to extract infor- 
mation concerning dihedral angles [12-151. It suf- 
fers, however, from the fact that the relationship 
between three bond spin-spin coupling constants 
and dihedral angles is solely empirical in nature 
[ll, 161, and consequently the information ob- 
tained is essentially of a qualitative rather than a 
quantitative nature. A further point to consider if 
one wants to extract structural information from 
three bond proton-proton coupling constants is the 
fact that under conditions where small 
oligonucleotides of 6-12 base pairs are entirely 
double-stranded, namely at temperatures between 
0 and 25°C the appropriate coupling constants are 
difficult to resolve due to fairly large linewidths. 

(iv) Potentially the most direct and powerful 
method of conformational analysis in solution is 
the use of the proton-proton nuclear Overhauser 
effect (NOE) which can demonstrate the proximity 
of two protons in space and can be used to deter- 
mine their separation [17]. This approach has met 
with considerable success in the study of small pro- 
teins [ 18-251, ligand-protein [26-331, nucleic acid- 
nucleic acid [34,35] and drug-nucleic acid interac- 
tions [36- 381, transfer ribonucleic acids [39-441, 
and oligonucleotides [45-591. In most cases to 
date, NOE data have only been interpreted to yield 
qualitative structural information. With regard to 
nucleic acids this has proved particularly useful in 
examining the pattern of secondary and tertiary 
hydrogen bonding interactions in transfer ribonu- 
cleic acids [39-441, in distinguishing A, B and Z 
DNA [46,60,61], in examining the effects of base 
pair mismatching on nucleic acid conformation 
[62-631 and in monitoring intermolecular contact 
points in drug-oligonucleotide complexes [36-381. 
However, a number of examples have recently ap- 
peared where quantitative structural information 
has been obtained [26-34, 47-53, 64-661. 

188 

2. SEQUENTIAL RESONANCE ASSIGNMENT 

The full potential of NMR spectroscopy for 
structural studies can only be realised after iden- 
tification of the individual resonance lines, and a 
general scheme for obtaining sequential assign- 
ments in protein ‘H-NMR spectra has been de- 
scribed by Wtithrich and his collaborators [67]. In 
a similar manner, a sequential assignment method, 
limited to the imino and adenosine H2 proton 
resonances of adjacent base pairs in tRNA was 
developed by Redfield et al. [68]. Application of 
essentially the same principles to spectra of oligo- 
nucleotides can be used to achieve virtually com- 
plete resonance assignments [45-50, 54-591. These 
assignments are a necessary prerequisite for the 
subsequent structure determination based on the 
quantitation of NOES. 

The assignment strategy involves basically two 
different NMR experiments. Firstly, it is helpful to 
identify the sugar spin system of a particular 
nucleotide either by decoupling or by two-dimen- 
sional J correlated spectroscopy (COSY). Thus the 
sugar resonances can be grouped into families of 
signals belonging to the same network of coupled 
spins via the intranucleotide pathway Hl’ -H2’/ 
H2”*H3’~H4’++H5’/HSN (fig.1). Since the 

COSY CONNECTIVITIES 

C(H5) -C(H61 

TKH,) -T(H6) 

L-H4’<Hf5 
HS" 

Fig. 1. Schematic representation of through-bond .I con- 
nectivities in an AT base pair. All COSY connectivities 

in DNA are listed in the bottom part of the figure. 
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chemical shift dispersion of the H3 ’ resonances is 
limited, the intranucleotide connectivity between 
the H3 ’ and H4’ resonances cannot be established 
unambiguously from the COSY spectrum alone, 
and it is therefore necessary to make use of NOE 
measurements to connect the Hl’ and H4’ proton 
resonances of the same sugar residue on the basis 
of the close spatial proximity of the two atoms (see 
below). In addition J connectivities between the 
HS and H6 proton resonances of cytosine residues 
and between the H6 and methyl proton resonances 
of thymine residues (via their four bond spin-spin 
coupling) are readily observed in the COSY spec- 
trum. 

knowledge of the general conformational class of 
a particular oligonucleotide, A, B or Z, is readily 
obtained from a CD spectrum. 

3. INTERPROTON DISTANCE DETERMINA- 
TION 

As a second step, all protons that are separated 
by short distances (< 5 A) within the spatial struc- 
ture can be connected by NOE measurements, 
either by one-dimensional pre-steady-state NOE 
measurements or by two-dimensional NOE spec- 
troscopy (NOESY). Thus in double-stranded 
oligonucleotides, neighbouring bases can be iden- 
tified as well as bases belonging to two different 
strands which are involved in base pairing. These 
NOE measurements provide the main body of in- 
formation necessary for assignment, and in cases 
where not all couplings can be resolved, will lead 
to virtually complete assignments in their own 
right. Fig.2 summarizes a comprehensive NOE 
strategy for the assignment of all proton resonances 
in right-handed single- and double-stranded DNA 
helices. In the case of left-handed Z DNA, the in- 
tranucleotide distance relationships are the same as 
in the case of right-handed DNA (although the 
relative magnitudes of the sugar-base NOES are 
significantly different for the purine residues 
which adopt a syn conformation as opposed to the 
anti conformation in B DNA). The internucleotide 
distance relationships, however, are entirely dif- 
ferent in Z DNA and these are summarized in fig.3. 

In addition to providing assignments, NOE 
measurements can be used to determine inter- 
proton distances. For quantitation of the NOE we 
have used conventional one-dimensional NMR, 
although pure phase absorption NOESY experi- 
ments [69,70] with small random variations in the 
mixing time to eliminate zero quantum coherence 
transfer [71] may provide an alternative. The one- 
dimensional NOE experiment involves the satura- 
tion of the resonance of proton i and observing the 
intensity of the other proton resonances. For large 
molecules (M,> 1000) with long correlation times 
(TV> 5 x lOWi s) such as oligonucleotides of 6 base 
pairs and longer, for which LJ~~> 1, the NOES 
observed are negative [72]. However, when wr& 1, 
the NOES will no longer be selective in the steady 
state (i.e., following saturation of the resonance of 
proton i for t-too) owing to highly effective cross- 
relaxation between a large number of protons, a 
phenomenon known as spin diffusion [73], so that 
no structural information can be obtained. This 
problem can be completely circumvented by using 
only short times (typically so.5 s for a molecule of 
M,-6000) for either the selective saturation pulse 
in the one-dimensional experiment or for the mix- 
ing time in the two-dimensional experiment [74-771. 
Under these conditions the pre-steady state NOE 
between two protons i and j, Nij, is given by 

Nij (tl - Uijt (1) 

It is important to bear in mind that the initial providing gij h gik or cij L Ujk (where k is any 
assumption for the NOE-based assignment strategy other proton), as the initial build-up rate of the 
of a particular helical structure and the subsequent NOE is equal to the cross-relaxation rate Uij be- 
refinement of the structure based on quantitative tween the two protons i and j [74,75]. Distance in- 
NOE data does not lead to pitfalls associated with formation can then be obtained since cij is inverse- 
a circular argument [45]. This is because of addi- ly proportional to the sixth power of the distance, 
tional demands, constraints, and information ex- <rij6>, between the two protons [72]. As a result 
tracted from Jconnectivities, the known nucleotide of the (rije6) dependence, the magnitude of the 
sequence, the nature of the terminal residues, and, pre-steady-state NOE is very sensitive to inter- 
most of all, the directionality of some of the inter- proton distance, decreasing rapidly as ru increases 
nucleotide NOES. Furthermore, in most cases a and becoming virtually undetectable for rijr5A. 
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Fig.2. Schematic representation of through-space connectivities for right-handed B DNA. The intranucleotide inter- 
proton distances are represented as follows: w d2.5 A; *-------. * c3.5 A; +------+ <5 A. Internucleotide distance 
relationships are shown on the right-hand side with large arrows (+) next to those protons that are separated by <5 
A from the H8, H6, HS methyl protons of the base on their 3’ side. All distance relationships are equally applicable 
to A DNA with the exception of the intranucleotide distance between the H2’ and H8/H6 proton which is larger than 
3.5 A and the intranucleotide distance between the H3’ and H8/H6 protons which is less than 3.5 A. The bottom part 
of the figure lists all interproton NOE connectivities (distances <5 A) which are applicable to both right-handed A and 

B DNA. 

The ratio of two interproton distances may thus 
be obtained from the equation 

6 ((rij6Mrkl >I “6 = (gk,/gij)1’6 - [ Nk,(t)/Nj(t)] 1’6 
(2) 

providing the correlation times for the two inter- 
proton distance vectors i-j and k - 1 are the same. 
If one of the distances is known, actual interproton 
distances can also be calculated. It should be noted 
that the approximation in eqn 2 remains valid up 
to values of t 3-4-times longer than that in eqn 1 

1781. 
In the case of double-stranded oligodeoxyribo- 

nucleotides, there are three intranucleotide refer- 
ence distances which are completely independent 

A Intrastrand 

Residue 
i-l 

;, C 

H6 - NlH 

HS - NlH 

Hl’ <“N:;; 

H3’- HS 

Residue 

k 
i+l 
C 

HE-H!i 

Hl’ - HS 

HS 
H2 H6 

HZ 

of the DNA structure: namely, fi+2~432”, 

rC(H6)-C(HS), and rT(HL)-T(c&) which Oil the basis Of 
standard bond lengths and angles have values of 
1.8, 2.5 and 2.7 A, respectively. (Note that the lat- 
ter distance is an average given by ((rij-6))-1’6 
calculated on the assumption of free rotation of 
the methyl group.) In addition, the distance bet- 
ween the T(H3) and A(H2) protons in a standard 
Watson-Crick base pair is 2.9 A; although this 
distance will not be affected by propellor twisting 
it will be dependent on any deviation from ideal- 
ized hydrogen bond length and geometry. 

In order to make the appropriate choice of 
reference distance for the calculation of unknown 
interproton distances, one has to consider the ex- 
pected ranges of the various interproton distances 

B Interstrand 

strand a (5’) i;l 
I 

i+l (3’) 
C 

G C G 
strand b (3’1 j+l j j-l (5’) 

Fig.3. Internucleotide NOE connectivities for left-handed Z DNA [poly d(GC)]. All interproton distances <5 A are 
listed. 
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on the basis of stereochemical arguments and the 
possible motions of the different protons based on 
NMR relaxation studies and theoretical molecular 
dynamics calculations [79-881. Taking these facts 
into account, it is reasonable to assume that [50]: 

(i) the correlation times for the sugar-sugar, 
sugar-base (with the exception of the Hl’ sugar- 
base) and sugar-methyl interproton vectors are the 
same as those of the intranucleotide H2’ -H2 R vec- 
tor; 

(ii) the correlation times for the base-base and 
the Hl’ sugar-base proton vectors are the same as 
those of the intranucleotide C(H5)-C(H6) vector; 
and 

(iii) the correlation times for the base-methyl 
proton vectors are the same as those of the in- 
tranucleotide T(H5) - T(CH$ vector, 

These assumptions are based on the fact that 
contributions from internal motion to the correla- 
tion times for case (i) will be dominated by motions 
within the sugar ring, for case (ii) by motions 
about the glycosidic bond and for case (iii) by rota- 
tion of the methyl group and motion about the 
glycosidic bond. A check on the validity of the 
above assumptions has been carried out by calcu- 
lating various interproton distances whose idealized 
values are known using the above reference dis- 
tances, resulting in calculated values all within 0.2 
A of the predicted ones [50]. Furthermore the 
calculations for case (iii) showed that the contribu- 
tion from free rotation of the methyl group to the 
correlation time of the T(HS)-T(CHj) and base- 
methyl proton vectors is the same as that of the 
C(HS)-C(H6) vector within experimental error 
[50,87]. 

Using the procedure outlined above, a large set 
of intra- and internucleotide distances can be 
calculated from pre-steady-state NOE data, and 
given the interconvertability of distances and carte- 
Sian coordinates 164-67, 88,891 these distances can 
in principle be used to determine the three-dimen- 
sional structure of an oligonucleotide. In the case 
of the four B type oligonucleotides on which this 
approach has been used, the overall root mean 
square difference between the NMR distances and 
those derived from fibre diffraction on B DNA is 
so.5 A [50,52,53]. 
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4. SOLUTION STRUCTURES 

Because of the limited degrees of freedom 
available for a double-stranded oligonucleotide 
structure, one would expect that a reasonably large 
number of interproton distances would be suffi- 
cient to determine the three-dimensional solution 
structure with a high degree of confidence. In prin- 
ciple, these structures can be solved by manual 
model building, and indeed reasonably accurate 
values for the glycosidic x and C4 ‘-C3 ’ (8) bond 
torsion angles can be obtained in this manner. 
However, because of potential cumulative errors 
inherent in such an approach, only qualitative in- 
formation can be deduced for the other structural 
parameters, namely, backbone torsion angles, 
helical twist, helical rise and base tilt. This problem 
can potentially be overcome using a non-linear 
restrained least-squares optimization procedure in 
which all covalent bond lengths, fixed bond angles, 
van der Waals contacts, and hydrogen bond 
lengths and geometry are constrained within nar- 
row limits, in order to refine an initial trial model 
on the basis of the interproton distance data deter- 
mined from NOE measurements [90]. 

The minimum requirement to define both the 
glycosidic bond torsion angle h) and the sugar 
pucker conformation, defined in terms of the 
C4’-C3’ bond torsion angle (6), is two out of the 
three intranucleotide sugar-base distances, 
rHl’-H8/H6’ rH2’-H8/H6 and rH3’-H8/H6. The S_Yn 

and anti ranges for x are 60 + 90” and 240 f 90”) 
respectively. The distance rH1 ‘-H8/H6 has a min- 
imum value of 2.3-2.5 A at x = 60” (syn) and a 
maximum value of 3.7-3.9 A at x = 240” (anti). 
In addition, each value of rHl’-H8/H6 is compati- 
ble with two values of x: 60” <xl < 240” and x2 = 
(240” -xi) + 240”. Given the restricted degrees of 
freedom imposed by the five-membered sugar ring, 
the distance rn2’_us/n6 enables one to distinguish 
between x1 and ~2 and to determine simultaneously 
the C4’-C3’ bond torsion angle (6). Similar 
arguments apply to other combinations of these 
three distances. Naturally, the more distances 
available, the better the determination of x and 6, 
and in this respect the intranucleotide sugar-sugar 
interproton distance ratios rHl’-HZ’/rHl’-H2” and 
rH2’_n3’/rnZ”_n3’ are quite helpful if available. In 
the case of B DNA where the conformation about 
the glycosidic bond is anti (.y- - 115 + 20”) and 
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the sugar pucker conformation resides in the 
01’ -endo to C2 ’ -endo range, large intranucleotide 
NOES will be observed between the H8/H6 and 
H2’ protons and small intranucleotide NOES bet- 
ween the He/H6 and Hl ’ protons and between the 
H8/H6 and H3’ protons. In the case of A DNA, 
the glycosidic bond and sugar pucker conforma- 
tions are low anti (,y - -160-t 10’) and 3’-endo, 
respectively, so that small to medium-sized in- 
tranucleotide NOES would be expected between 
the H8/H6 and H2’ protons and large ones be- 
tween the H8/H6 and H3’ protons. In Z DNA, the 
pyrimidine residues have essentially the same 
glycosidic bond and sugar pucker conformations 
as in B DNA and will therefore exhibit the same 
pattern of intranucleotide NOES; in contrast, the 
purine residues have a syn conformation about the 
glycosidic bond (x - 60-70”) and a 3 ’ -endo sugar 
pucker so that large intranucleotide NOES will be 
observed between the H8/H6 and Hl ’ protons and 
small ones between the HB/H6 and H2’/H2 N pro- 
tons. 

The C4’ -CS ’ bond torsion angle (y) can also be 
uniquely defined, providing two out of the three 
intranucleotide distances rH3’-H5”, rH4’-H5 * and 
&4’_nS are known. 

Once the glycosidic bond and sugar pucker con- 
formations are known for each nucleotide, the 
inter-residue interproton distances enable one to 
define the position of each individual base pair 
with respect to its adjacent neighbours in terms of 
approximate values of the helical rise, helical twist 
and base tilt. The handedness of the helix can be 
deduced from the directional specificity of the in- 
ternucleotide NOES. In particular, internucleotide 
NOES are observed between the methyl protons of 
T residues and the H8/H6 proton of the adjacent 
5 ’ but not 3 ’ residue in a right-handed structure. 
Similarly, internucleotide NOES are observed be- 
tween the Hl ‘, H2’ and H2” sugar proton reso- 
nances of a given nucleotide and the H8/H6 and 
HS/methyl proton resonances of its adjacent 3’ 
but not 5 ’ neighbour in right-handed DNA. In B 
DNA, the internucleotide NOES between the H2’ 
and H2” protons and the H8/H6 protons of the 
adjacent 3 ’ residue are always much smaller than 
the intranucleotide NOE between the H2’ and 
H8/H6 protons. In A DNA, however, the converse 
is true as the H2’ proton is much closer to the 
H8/H6 proton of the 3 ’ residue than to the H8/H6 
proton of its own residue. 

The first example of quantitative NOE measure- 
ments to derive structural information on oligonu- 
cleotides is that afforded by a study by Pate1 et al. 
[47] in which distances between adjacent adenine 
H2 protons of the d(ATTA) . d(TAAT) fragment of 
the self-complementary dodecamer 

5 ’ -d(CGATTATAATCG)z. 
On the basis of these distances they deduced the 
presence of base pair propellor twisting in agree- 
ment with the crystallographic findings of Dicker- 
son and Drew [91]. 

To date we have examined the solution struc- 
tures of several oligonucleotides on the basis of 
the approach outlined above principally by 
manual model building. These include the DNA 
hexamer 5 ’ -d(CGTACG)z and DNA octamer 
5 ’ -d(ACGCGCGT)z which are both characterized 
by an alternating pyrimidine-purine sequence 
[48,49,90]. In the case of both oligonucleotides the 
overall solution structure is that of right-handed B 
DNA, namely, a right-handed helix with a helical 
rise of - 3.3 A, 10 base pairs per turn and the base 
pairs approximately perpendicular to the helix 
axis. In the case of 5’-d(CGTACG)z, subtle local 
structural variations associated with the pyrimidine 
and purine nucleotides are superimposed on the 
overall structure but the mononucleotide repeating 
unit is preserved (see fig.4). More interestingly, a 
restrained least-squares refinement of the structure 
on the basis of the interproton distance data [90] 
demonstrated that all the base pairs were propellor 
twisted and this was most marked for the GC base 
pairs at positions 2 and 5 in the sequence. These 
local structural variations are similar though less 
marked than in the crystal structure of the B DNA 
dodecamer 5 ’ -d(CGCGAATTCGCG)z solved by 
Dickerson and Drew [91], and this difference may 
in part be due to the absence of strong intermole- 
cular interactions, such as crystal packing forces, 
in solution. In contrast, 5’-d(ACGCGCGT)z has a 
clear alternating structure with a dinucleotide 
repeat, alternation occurring in the local helical 
twist and the glycosidic bond, sugar pucker and 
phosphodiester backbone conformations (see fig. 
5). This alternating structure is in principle similar 
to that of wrinkled B DNA found in fibres of poly 
d(GC) [92] and the model of alternating B DNA 
proposed by Klug et al. [93]. The existence of both 
subtle and more dramatic local sequence-specific 
variations in the solution structures of DNA oligo- 
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Fig.4. Stereo view of the refined solution structure of 5 ’ -d(CGTACG)z [90]. This structure was generated by a restrained 
least-squares minimization [90] in which all covalent bond lengths, fixed bond angles, van der Waals contacts, and 
hydrogen bond lengths and geometry were constrained within narrow limits in order to refine an initial trial model on 

the basis of 200 interproton distances determined from NOE measurements [50,90]. 

nucleotides as exemplified by the hexamer and oc- 
tamer, can clearly have a major influence on 
specific DNA-protein interactions. Thus, it is not 
difficult to visualize that the zig-zag distribution of 
the phosphorus atoms around a B DNA helix, as 
in the case of the octamer (figS), can present a 
specific multifaceted array of negative charges to a 
potentially interacting protein surface. 

In addition to the hexamer and octamer discussed 
above, low-resolution structures of two non self- 
complementary DNA duplexes, namely the unde- 
tamer 

Both these oligonucleotides were found to belong 
to the right-handed B DNA family. In the case of 
the undecamer, glycosidic or) and C4’ -C3 (6) bond 
torsion angles have also been obtained by model 
building on the basis of a large number of in- 
tranucleotide interproton distances [52]. It was 
found that whereas the sugar pucker exhibits little 
base to base variation with 6 lying in the range 120 
+ lo”, the glycosidic bond torsion angles of the 
pyrimidine and purine residues are significantly 
different with xpyr- - 120 ? 10” and xpur- -90 
+ 10” [52]. 

[5 ‘d(AAGTGTGACAT) . Sd(ATGTCACACTT)] The strategy we have outlined is not just limited 

and the dodecamer [5 ‘d(CCAGAACAGTGG) .5 ‘- to double-stranded DNA structures. We have also 
d(CCACTGTTCTGG)] comprising portions of the examined the solution structure of the RNA pen- 

specific DNA target sites for the cyclic AMP recep- tadecamer 5 ’ -r CAGACmUGmAAYA~m5CUG 
tor protein and the glucocorticoid receptor pro- comprising the anticodon loop and stem (residues 

tein, respectively, have been determined [40,94]. 28-42) of yeast tRNAPh’ (see fig.6), and carried 
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Fig.5. Two views of the solution structure of 5 ‘- d(ACGCGCGT)2 constructed from Nicholson models by manual 
model building on the basis of 79 interproton distances determined by NOE measurements [48,50]. The overall structure 
is that of B DNA. Superimposed on this structure is a dinucleotide repeating unit with alternation in the glycosidic bond, 

sugar pucker and backbone conformations. The zig-zag appearance of the phosphate backbone is highlighted. 

A31 l w:’ 

c/ m32 
f38 

Y 
437 
A 36 

43s 

Gm34 

3stacked 

C 

- Gn,L 

Fig.6. Diagrammatic representation of the solution structure of the pentadecamer 5 ‘-r CAGAC,UGmAAYA&m5CUG 
comprising the anticodon loop and stem of yeast tRNA Phe [51]. (A) Anticodon loop and stem structure as determined 
by X-ray diffraction of the monoclinic crystal form of yeast tRNAPhe [96]. Protons have been added using standard 
bond lengths and angles. The protons whose resonances have been assigned are highlighted. (B) Schematic representa- 
tion of the 3’ stacked hairpin loop structure as found in the crystal and in solution. (C) Stabilizing interactions for the 
3 ’ stacked loop conformation of the pentadecamer in solution deduced from model building on the basis of 75 inter- 
proton distances determined by NOE measurements [51]. Hydrogen bonds are represented by interrupted lines (---) 

and groups involved in hydrophobic interactions are encircled. 
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out a comparison of the solution structure with the 
crystallographic data of that portion of intact yeast 
tRNAPhe [50]. The pentadecamer adopts a hairpin 
loop structure in solution with the loop in a 
3 ’ -stacked conformation stabilized by both hydro- 
gen bonding and hydrophobic interactions within 
the loop. The solution structure is both qualitative- 
ly and quantitatively remarkably similar to the 
crystal structure with an overall root mean square 
difference of only 1.2 A between the interproton 
distances determined by NMR and X-ray crystallo- 
graphy. 

Furthermore, single-stranded oligonucleotides 
which are inherently more flexible than their 
double-stranded counterparts are amenable to this 
approach, as has been shown for a single-stranded 
DNA undecamer [95]. The overall structure of this 
single-stranded DNA undecamer was found to be 
that of a right-handed B type helix with extensive 
base stacking. Within this overall structure there is 
quite a large degree of variability as exemplified by 
variations in glycosidic bond and sugar pucker 
conformation, most likely determined by base se- 
quence. 

In the examples given above, we have dealt only 
with isolated species. The same approach can also 
be used for interacting systems using transferred 
nuclear Overhauser enhancement (TRNOE) meas- 
urements [26,27]. These simply involve the exten- 
sion of classical NOE measurements to exchanging 
systems, making use of chemical exchange to 
transfer magnetization concerning cross-relaxation 
between bound ligand protons from the bound to 
the free state. In this manner we have determined 
the solution structutre of the ribotrinucleoside 
diphosphate rUpUpC, the codon for phenylala- 
nine, bound to yeast tRNAPhe [34]. The glycosidic 
bond and ribose conformations are low anti and 
3 ’ -endo, respectively, typical of an A-RNA type 
structure. The main chain torsion angles are all 
within the range of those expected for A-RNA but 
small differences from those of conventional A- 
RNA 11 result in a special structure with a larger 
rotation per residue (40-45” compared to 32.7” in 
A-RNA 11) and almost perfect stacking of the 
bases. These two structural features, which are 
similar to those found in the anticodon triplet of 
the monoclinic form of yeast tRNAPh’ [96], pro- 
vide the underlying structural basis for the known 
greater stability of the codon-anticodon complex 
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relative to an equivalent double helical RNA trimer 
with a conventional A-RNA structure. 

5. CONCLUDING REMARKS 

Although NOE measurements in solution can- 
not compete as yet with single-crystal X-ray dif- 
fraction data, NMR solution data do provide im- 
portant complementary information. This is par- 
ticularly so when the different natures of the solu- 
tion and crystal structures are borne in mind. NOE 
data are only capable of providing an interproton 
distance data set between protons separated by less 
than 5 A, whereas high-resolution single X-ray dif- 
fraction is able to define the positions of all atoms 
in space with the exception of protons. Further- 
more it might be interesting to investigate time- 
dependent fluctuations in the solution and crystal 
structures since they are reflected in the data ob- 
tained by both methods in a different manner. 
Whereas the crystal structure represents an average 
of linear superpositions of all the populations pre- 
sent in the crystal, distances obtained from NOE 
measurements in solution are (( rij+j>)- 1’6 means. 
Thus, all fluctuations are equally weighted in the 
crystal structure, whereas the average distance be- 
tween two protons in the solution structure is 
weighted in favour of fluctuations with shorter in- 
terproton distances. 

In summary we would conclude that interproton 
distances obtained from NOE measurements will 
provide a powerful tool supplementing crystallo- 
graphic studies, particularly in cases where crystal 
data are not available, in comparative studies of 
oligonucleotides with related sequences and in the 
study of transitions between different conforma- 
tional states of nucleic acids. 
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